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The nature of matter creation is one of the most basic processes in the universe. According to the 
quantum electrodynamics theory, matters can be created from pure light through the Breit Wheeler 
(BW) process1. The multi-photon BW process (γ+nγ’→e++e-) has been demonstrated in 1997 at the 
SLAC2, yet the two-photon BW process (γ+γ’→e++e-) has never been observed in the laboratory. 
Interest has been aroused to investigate this process with lasers3,4 due to the developments of the laser 
technology5 and the laser based electron accelerators6. The laser based proposals3,4 may be achieved 
with NIF7 and ELI8, provided that the signal-to-noise (S/N) ratio of BW is high enough for observation. 
Here, we present a clean channel to observe the matter creation via a gamma-gamma collider by using 
the collimated γ-ray pulses generated in the interaction between 10-PW lasers and narrow tubes. More 
than 3.2×108 positrons with a divergence angle of ~7 degrees can be created in a single pulse, and the 
S/N is higher than 2000. This scheme, which provides the first realization of gamma-gamma collider 
in the laboratory, would pave the developments of quantum electrodynamics, high-energy physics and 
laboratory astrophysics.  
 
Introduction 
The two-photon interaction, which is one of the most fundamental process in the universe and the 
quantum electrodynamics theory, has not been observed in the laboratory. To realize so, either the ultra-clean 
interaction environment or the high S/N ratio could enhance the credibility of the experiments. The 
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conventional accelerator based γ-γ collider2, 9  may provide a clean interaction environment due to its 
controllable, reliable and reproducible of the electron bunches. However, a large machine is needed and the 
pair production is less 0.1 per shot9. 
The laser based γ-γ collider takes the advantage of high efficiency since 102∼105 pairs could be created 
in one shot. O. Pike, et al3 proposed the first scheme to achieve γ-γ collider in vacuum by the means of the 
interaction between the energetic γ-ray beam and the radiation field. However, due to the intrinsic divergence 
of the laser-driven electron beams, a large number of γ-ray photons spread off the focal spot and interact 
with the hohlraum of high-Z material. In such condition, the noise from the Bethe-Heitler10 process may 
overwhelm the signal. In the proposal of X. Ribeyre, et al4, although the possibility to detect the BW pairs 
in the preferential direction has been discussed, it is a huge challenge to distinguish the signal (103∼105) 
from the background positrons (> 1010) generated from the processes of multi-photon BW11, Trident and 
Bethe-Heitler10. 
In the two-photon BW process, the pair production is a function of the photon number, the collision 
area size and the cross-section of BW. The laser intensity above 1023 W/cm2 would be accessible by the 
under-construction laser facilities8,12. In the laser matter interaction under such intensity, a large number 
(>1013) of γ-rays (>0.511 MeV)13,14 can be generated. Such photons could be a perfect source for γ-γ collider 
if the divergence of the γ-rays and the background positrons can be well reduced. Here, we employ the 
collimated γ-ray pulses generated from the interaction between narrow tube targets and 10 PW lasers into γ-
γ collider. Numerical calculations show that more than 3.2×108 positrons with a divergence of 7° can be 
generated in one shot. All the possible background positrons generated from the multi-photon BW11,15, 
Trident and Bethe-Heitler10 together with Triplet16 processes are considered in detail. Results indicate that 
the BW signal is more than three orders of magnitudes higher than the background level. The signal of 
collimated positrons is detectable since it is much higher than the threshold of the existing spectrometers17,18. 
Figure 1 shows the setup of γ-γ collider, in which the γ-ray pulses are generated by irradiating the 10 
PW lasers into the narrow tube targets. The γ-ray pulses collide outside the target where the electron-positron 
pairs can be created. The spectrometers, which have been successfully used to detect the laser based positron 
sources17,18, can be placed off the collision area for a distance of several cm. 
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Figure 1 | Schematic of gamma-gamma collider. The 10 PW lasers irradiate into the narrow tube targets 
for the radiation of γ-ray pulses. The γ-ray pulses collide in an angle of θc. A distance d1= 70µm from the 
target end to the collision point is considered to avoid the e−e+ pairs produced from the multi-photon BW 
process2,11,19 between the γ-ray photons and the remaining laser pulse from the other side, since the laser 
intensity greatly decreases after transmitting into the vacuum for a distance of d1. The length of the targets, 
d, is fixed to 200 µm because most of the photons are generated in 70-200 µm. The effective distance from 
the γ-ray source original location to the collision point approximates the target length d. The Spectrometers 
which can separate the electrons and positrons are placed in the directions of the γ-ray pulses.  
      
In the γ-γ collider, more pairs can be generated by the photon beams of higher flux. The rapid 
development of high power laser technology5 is paving the way to generate compact, energetic γ-ray sources 
of high brilliance20. Recently, we have demonstrated the generation of a high flux γ-ray pulse through the 
interaction between an ultra-intense laser pulse of 10 PW and a narrow tube target21.  
With the available parameters of the up-coming lasers8,12 , we simulate the generation of collimated γ-
ray pulses by using two-dimensional particle-in-cell code EPOCH2D22 (for more detail on the simulation 
setup see methods). Here, we only present the simulation results and the method of the γ-ray generation can 
be seen from the methods. More than 9×1013 γ-ray photons with a divergence of 3 degrees (figure 2a) are 
generated in each pulse. After propagating a distance (d1=70 μm) to the collision area, the pulse duration is 
about 21 fs and the focal spot is about 25 μm, the brilliance of the γ-ray pulse is about 1.5 × 1025 photons·s-
1·mm-2·mrad-2·0.1%BW (at 0.5 MeV). The head on colliding beams luminosity23 at different locations off 
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the tube target end can be seen from figure 2b. In two-photon interaction (for more detail see methods), the 
direction of the pair is determined by the center of mass direction. Hence, the γ-ray pulse of wide-bandwidth 
and better collimated at higher energy (figure 2a) could be a perfect choice to create collimated pairs because 
most of the electron-positron pairs are generated from the interaction between two photons of different 
energies. 
 
Figure 2 | Results of gamma-ray beam. a: The spectral-angular distribution of the gamma-ray pulse, the 
red line represents the energy spectrum of the gamma-ray pulse. b: The head on colliding beams 
luminosity vs. the distance d1 (figure 1).  
 
In modelling all the possible collisions between two photon beams of a huge photon number ~1014, 
more than 1028 interactions are needed. Such computation charges too large to be handled. The method of 
macro-particle, which is widely used in plasma simulation24 for more than 50 year, can greatly reduce the 
computational requirement by merging a number of particles into one macro-particle. Here, we classify the 
photons with similar energies and momenta into a macro-photon through dividing the spectral-angular 
distribution (figure 2a) into segments by steps of 𝑑𝛾 = [(log10 (𝜀𝛾(keV))) ∗ 100] and 𝑑𝜃𝛾 = 0.1 degree. 
The weight value of the macro-photon is the photon number classified into it, and the energy and momentum 
of the macro-photon can be received by averaging all the photons in the macro-photon. Then, we can handle 
all the possible two-photon BW process between the macro-photons in two beams. In each interaction above 
the threshold condition, a macro-pair can be generated, the energy and momentum of the macro-pair is 
obtained by calculating the dynamics of two-photon interaction (for more detail see the methods). The weight 
value of the macro-pair is 𝑤𝑝𝑎𝑖𝑟 =
𝑤𝛾1𝑤𝛾2𝜎𝛾1𝛾2
𝑆𝑐
, where 𝑆𝑐  is the size of the collision area, 𝜎𝛾1𝛾2  is the 
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cross-section of BW, 𝑤𝛾1 and 𝑤𝛾2 are the weight values of the macro-photons in the two beams.  
Double γ-ray pulses (figure 2) are employed in γ-γ collider, in which the collision angle is assumed to 
be 170° and more than 8.7 × 1010 (3.2 × 108) macro-pairs (pairs) can be created in one shot. Then, we 
can obtain the spectral-angular distribution of the positrons (almost the same as that of the electrons) in 
figure 3. The positrons are better collimated at higher energy (figure 3) and the divergence angle is 7 degrees. 
More than 5×106 positrons can be collimated into 1 degree, which are much higher than the threshold of the 
spectrometers17,18 placed along the direction of the laser pulses where the signal of electron-positron pairs is 
maximum.  
 
 
Figure 3 | Results of the positrons. The angular-spectrum distribution of the positrons in the case of the 
gamma-ray pulses driving by 10 PW laser pulses and the collision angle of 𝜃𝑐 = 170°. 
 
In this setup, additional electron-positron pairs can be generated from the Trident and the Bethe-Heitler 
processes10,17,18 and the Triplet process16, due to the presents of tube ions, tube electrons and the energetic 
electrons from the other side. All the additional positrons are considered to be the noise in this letter. The 
detail to estimate such positrons can be seen from the methods.  
During the stage of γ-ray generation in the 400 nm gold narrow tube, the interactions between γ-ray 
photons and nucleus (Bethe-Heitler), γ-ray photons and electrons (Triplet), energetic electrons and nucleus 
(Trident), result in the positron number of 1.4×107, 4.0×106, 2.7×106, respectively. Such positrons which move 
out of the tube wall due to initial transverse momenta can be deflected out of the collision area by an ultra-
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strong transverse electric field (1.0×1014 V/m) near the target out-surface (for more detail see 
Supplementary). Thus, the positrons generated from the narrow tube target could be safely ignored. In front 
of the gamma-ray pulse, there is an electron cloud generated from the other side. The density, width and 
charge number of the electron cloud is about 1.5×1027 m-3, 25 μm and <1000nC. The gamma-ray pulse 
collides with the electron cloud resulting in 6.4×104 positrons in the case of all the electrons are involved in 
the interaction. Hence, the BW signal is more than three orders of magnitudes higher than the noise level. 
Then, we scan the production and divergence angle of the positrons for various collision angle to see 
the robustness of this scheme with the results presented in figure 4, from which one can see that the pair 
number and the divergence scale strongly with the collision angle. For a wide range of collision angle, the 
signals are orders of magnitude higher than the noise level. Therefore, this scheme is robustness with the 
experimental parameters of the up-coming laser. 
 
Figure 4 | The results of the positrons (electrons). The effect of the collision angle on the pair divergence 
angle (blue line) and the pair production (black line). 
 
Conclusion, a clean channel to experimentally demonstrate the creation of electron-positron pairs in γ-
γ collider is proposed by employing the γ-ray pulses generated from 10 PW laser pulses and narrow tubes. 
In a single shot, more than 108 pairs can be created, the pairs are well collimated with a divergence of ~7 
degrees, and the S/N is higher than 2000. Such scheme can realize the first observation of two photon BW 
process in the laboratory with the up-coming 10 PW lasers, which would significantly benefit the researches 
on laboratory astrophysics and quantum electrodynamics. 
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Methods 
PIC simulation setup: We use the two-dimensional relativistic particle-in-cell code EPOCH2D22 to model 
the laser plasma accelerator and the emitting of the γ-ray light source in the narrow tube target. In the PIC 
code, the quantum synchrotron radiation25,26 is included, the emitting electron or positron recoils to maintain 
the radiation reaction force to be quantum equivalent during the photon radiation. In the laser field, the 
photon emission probability of the accelerated particle is governed by a parameter named optical depth τe. 
The position, momentum and τe of the emitting particle are updated every computational time-step. More 
detail on the method to calculate the radiation numerically can be found in the work of Duclous et al25. A10-
PW linearly polarized laser pulse with a transverse spatial Gaussian, sin2 temporal profile, duration of 30 fs 
and focal spot diameter of 2.0 μm at FWHM, irradiates into a gold narrow tube from the left side. The laser 
intensity 3.2×1023 W/cm2, corresponding to a0 ≈ 480, would be available in ELI8. The tube e-/ Au+69 density 
is set to 276 nc / 4 nc, where nc is the critical density. The tube wall, whose thickness is 400 nm and inner 
diameter is 4 μm, is located 2-270 μm. The simulation box is 271 μm in the longitudinal direction (x) and 
10 μm in the transverse direction (y). 5 macro-ions and 100 macro-electrons are initialized in each cell whose 
size is dx=dy=5nm. 
 
The generation of the collimated γ-ray pulse21: In the interaction between the laser pulse and the narrow 
tube, the electrons are pulled into the narrow space by the laser transverse electric field at the beginning. 
Then, the electrons slip into the acceleration phase of the longitudinal electric field which accelerate the 
electrons longitudinally and surpass transverse momenta significantly, resulting in the collimation of the 
energetic electrons. Due to the transverse modulation of the electrons density, large charge separation fields 
(transverse electric fields) are generated near the target surface. After an acceleration distance of <100 μm, 
the electrons are pulled back to the tube wall by the charge separation fields which significantly enhance the 
γ-ray radiations near the tube wall. Hence, the γ-ray photons can be well collimated as the spread angles of 
the photons are determined the emitting electrons.  
 
Dynamics of two-photon interaction: In the creating of electron-positron pair through the collision of two 
photons, the threshold condition is 
                               𝜀𝛾1𝜀𝛾2(1 − cos𝜃𝑐) ≥ 2(𝑚𝑒𝑐
2)2,                         (a1) 
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where 𝜀𝛾1, 𝜀𝛾2 are the energies of the photons, 𝜃𝑐 is the collision angle, 𝑚𝑒 is the electron mass at rest 
and 𝑐 is the light speed in the vacuum. The cross-section for BW process is 
                     𝜎𝛾1𝛾2 =
𝜋
2
𝑟𝑐
2(1 − 𝛽2) [(3 − 𝛽4) ln (
1+𝛽
1−𝛽
) − 2𝛽(2 − 𝛽2)],               (a2) 
here 𝑟𝑐 is the classical electron radius, 𝛽 = (1 − 1 𝑆⁄ )
1 2⁄ , 𝑆 = 𝜀𝛾1𝜀𝛾2(1 − cos𝜃𝑐) 2(𝑚𝑒𝑐
2)2⁄ . After the 
collision, the total energy of the two photons in the frame of center-of-mass (COM) is divided equally by the 
electron and positron. In the COM frame, the energy of electron 𝜀𝑒𝑐 (positron 𝜀𝑒𝑝) can be expressed as 
                            𝜀𝑒𝑐 = 𝜀𝑒𝑝 =
1
2
√2𝜀𝛾1𝜀𝛾2(1 − cos𝜃𝑐),                        (a3) 
and the electron (positron) momentum ?⃗?𝑒𝑐 (?⃗?𝑝𝑐) has the following relation, 
                  |𝑝𝑒𝑐| = |𝑝𝑝𝑐| = √
1
4
[(
𝜀𝛾1+𝜀𝛾2
𝑐
)
2
− (?⃗?𝛾1 + ?⃗?𝛾2)
2
] − (𝑚𝑒𝑐2)2                (a4) 
where ?⃗?𝛾1 and ?⃗?𝛾2 are the momenta of the gamma-ray photons in the laboratory frame. The direction of 
the electron (positron) momentum is considered to be isotropic in the frame of COM, but ?⃗?𝑒𝑐 = −?⃗?𝑝𝑐 must 
be satisfied. Through Lorentz transformation, one can get the electron (positron) energy 𝜀𝑒  (𝜀𝑝 ) and 
momentum ?⃗?𝑒 (?⃗?𝑝) in the laboratory frame: 
                               𝜀𝑒,𝑝 = 𝛾𝑐(𝜀𝑒𝑐,𝑝𝑐 + ?⃗?𝑐 ∙ ?⃗?𝑒,𝑝),                            (a5) 
                        ?⃗?𝑒,𝑝 = ?⃗?𝑒𝑐,𝑝𝑐 +
𝛾𝑐−1
𝑣𝑐
2 (?⃗?𝑐 ∙ ?⃗?𝑒𝑐,𝑝𝑐) ∙ ?⃗?𝑐 +
𝛾𝑐?⃗⃗?𝑐𝜀𝑒𝑐,𝑝𝑐
𝑐2
,                    (a6) 
where 𝛾𝑐 = 1 √1 − (𝑣𝑐 𝑐⁄ )2⁄ , the velocity of the COM ?⃗?𝑐 can be expressed as  
                                    ?⃗?𝑐 =
(𝑝𝛾1+?⃗?𝛾2)𝑐
2
𝜀𝛾1+𝜀𝛾2
                                 (a7) 
 
Pair productions from Trident, Bethe-Heitler, Triplet: In the Trident process, electron-positron pairs can 
be generated by the colliding between the fast electrons and the Coulomb field of the atomic nucleus. The 
total cross-section27 of Trident can be expressed as  
                       σ𝑇 = {
5.22𝑍2log3 [
2.3+𝑇0(MeV)
3.52
] 𝜇𝑏   (𝑇0 < 100MeV)
28𝜋𝑍2𝑟𝑐
2𝛼2
27
log3 [
𝑇0(MeV)
𝑚𝑒𝑐2
] 𝜇𝑏   (𝑇0 > 100MeV)
,               (b1) 
where 𝑇0 represents the kinetic energy of the electrons, 𝛼 = 1 137⁄  is the constant of fine-structure. The 
Trident pair number can be estimated by  
                               𝑁𝑇± = ∑
𝜎𝑇𝑁𝑧
𝑆𝐶
𝑁𝑒
𝑖=1 = ∑ 𝜎𝑇𝑑𝑛𝑍
𝑁𝑒
𝑖=1 ,                        (b2) 
where 𝑁𝑒, 𝑁𝑧 are the total number of electrons and ions involved in the interaction, 𝑑 is the thickness of 
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the carbon film and 𝑛𝑍 is the number density of the high-Z material. 
    In the Bethe-Heitler process, electron-positron pairs can be created from the interaction between γ-ray 
photons and the Coulomb field of the atomic nucleus. The cross-section27,28 of Bethe-Heitler is 
                       𝜎𝐵𝐻 =
𝜎𝑇
𝛼
𝜋
[log(
𝜀0
𝑚𝑒𝑐2
)log(
𝜀0
2.137𝑚𝑒𝑐2𝑍−1 3
⁄ )+
1
3
log2(2.137𝑍−1 3⁄ )]
,                  (b3) 
where Z is the atomic number, and 𝜀0 ≈ 𝑇0 is the energy of the photons. The Bethe-Heitler pair production 
can be calculated by 
                                 𝑁𝐵𝐻± = ∑ 𝜎𝐵𝐻𝑑𝑛𝑍
𝑁𝛾
𝑖=1 ,                               (b4) 
here 𝑁𝛾 is the number of the γ-ray photons.  
    In the mechanism of Triplet production16, the cross-section becomes much more complicated. To cover 
the photon energy of whole range from the threshold, Haug29 gave the following analytic expressions of the 
cross-section from threshold, 
 
𝜎𝛾𝑒
𝛼𝑟𝑐
2 =
{
 
 
 
 
[−76 + 20.4𝑘 − 10.9(𝑘 − 4)2 − 3.6(𝑘 − 4)3 + 7.4(𝑘 − 4)4] ∙ 10−3(𝑘 − 4)2, (𝑘 ≤ 4.6)
0.582814 − 0.29842𝑘 + 0.04354𝑘2 − 0.0012977𝑘3, (4.6 ≤ 𝑘 ≤ 6.0)
(3.1247 − 1.3394𝑘 + 0.14612𝑘2) (1 + 0.4648𝑘 + 0.016683𝑘2)⁄ , (6.0 ≤ 𝑘 ≤ 18)
28
9
ln(2𝑘) −
218
27
+
1
𝑘
[27.9 − 11ln(2𝑘) + 3.863ln2(2𝑘) −
4
3
ln3(2𝑘)] , (𝑘 ≥ 14)
,  (b5) 
where 𝑘 =
𝜀0
𝑚𝑒𝑐2
. The pair production from Triplet process is 
                           𝑁𝛾𝑒± = ∑ 𝜎𝛾𝑒(𝑑𝑛𝑍 +𝑁𝑒2)
𝑁𝛾
𝑖=1 ,                             (b6) 
here 𝑁𝑒2 is the electron number contributed to the interaction from the other electron bunch.  
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Supplementary 
 
 
Figure 1 | Transverse field distribution at 150 fs into the simulation: When the laser pulse transports in the 
narrow tube target. Electrons are accelerated transversely. Such electrons penetrate through the target and an 
ultra-strong charge separation field is formed near the surface of the target. The positrons, which move into the 
charge separation field due to initial transverse momenta, will obtain a large transverse momentum.  
 
